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IHERMOSENSrriVE POLYMERS FOR THERAPEUTIC USE AND 
METHODS OF PREPARATION 

FEELD OF~THEJNVENTION. 

[000.1] Ihe present invention xelates generally to polymeric materials and methods of 
their preparation, including nanoporous polymers suitable for use in medical ^plications 
such as wound dressing and cell graftixig. 

BACKGROUND OF THE INVENTION 

[OOOq Wound healing is an active area of interest for many researchers given its 
importance in the treatment of bums, the prevention of post surgical adhesions and in 
sosmetic suigexy. The objective of using a woimd dressing is to accelerate wound healing 
by preventing excessive fluid loss and bacterial infection, and by promoting the 
acceleration of tissue regeneration (T. Stephen, in Wound management and dressings, 
Ihe Pharmaceutical Press, London, (1990), 1.). 

[000^ Currently, available dressing materials tend to be composed of gauze, whidi 
Grays easily. The fibers of the gauze tend to become tnqpped m the nascent tissue of 
healii^ wounds, making the eventual removal of the dressing extremely difficult and 
painfol. This would also likely tear off fibroblasts or epithelial cells that might have 
proliferated and migrated onto the dresdng material, thereby compromising &e nomal 
healing process by inflicting secondaiy damage to the wound (Cochrane et al. 
Biomaterials (1999) 20: 1237.). Ibis is often &e case when a dressing has to be changed 
iDutinely. 

SUMMARY OF THE INVENTION 

[0004] In one aspect, tiie present invention provides a process tor preparing a 
Oiennosensitive polymer comprising polymerizing a miax>emulsion comprising a first 
monomer that is capable of forming a thennosensitive polymer and apolymerizable 
sur&ctant 
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[OOOQ In anoAer aspect, the present invention provides a method of dressing and 
undressing a wound comprising q[)plying a thennosensitive polymer to a wound; 
inunediately prior to removing tiie polymer fiom the wound, reducing the temperature of 
tfiermosensitive polymer to fiicilitate removal of the polymer, and removing the polymer 
fiom tiie wound. 

[0006] In yet another aspect, the present invention provides a method of delivering a 
tfaerEq)eutic agent to a woimd comprising incorporating a therEq)eutic agent into a 
thennosensitive nanoporous polymer; and applying the thennosensitive nanoporous 
polymer to the wound. 

[0007] In a further aspect, the present invention provides a method of delivering a 
cell to a graft site comprisii^ culturing &e cell on a thermosensitive nanopoious 
polymen and placing &e polymer comprising the cell onto &e graft site. 

[0008] In yet a fiuther aspect, the present invention provides a thennosensitive 
polymer which is nanoporous. The invention also provides a thennosensitive nanopoious 
polymer prepared according to the various embodiments of the process of the present 
invention. The invention further provides a thennosensitive nanoporous polymer formed 
fiom a microemulsion comprising a first monomer capable of forming a thermosensitive 
polymer and a polymerizable sur&ctant. 

[0009] The present invention provides a process fi>r preparing a tiiermosensitive 
polymer fiom a microemulsion. The polymer is usefid in medical applications such as 
wound dressing and for delivery of cells to a graft site. 

[0010] The invention therefore also relates to use of a thennosensitive polymer 
according to various embodiments of the invention as a wound dressing and, to deliver a 
therapeutic agent to a wound and to deliver a cell to a graft site. 

[0011] The polymer is formed by polymerizing a microemulsion that comprises a 
monomer enable of forming a fiiermosensitive polymer and a polymerizable sur&ctant. 
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[001^ By fbiming the polymer jQoom a micioemulsion incoipoiatiAg such a 
monomer, the polymer has tiiermosensitive swellability chamcteristics that provide 
advantages when tiie polymer is used in tiie context of a medical q)plication. For 
example, the polymer may be applied to a wound as a dressing to minimize the risk ot 
bacterial infection. Manipulation of die ambient temperature results in the diange of 
hydrophilicily of the polymer, fiicilitating removal of the polymer fiom a wound, and 
thereby reducing disruption of die healing process at die wound site. 

[0013] The polymer can be made to be nanoporotis, allowing for gaseous exchange 
and provides themial insulation. The polymer can also be made to be transparent, as 
would be known to a skilled person, permitting observation of the wound without the 
need to remove the dressing prematurely. Furthermore, the polymer of the invention 
provides a protective barrier that is generally impermeable to microorganisms, tiiereby 
helping to minimize risk of infection of the wound. 

[00141 Iho porosity of the polymer makes it suitable for delivering therq[)eutic 
agents, such as drugs, antibiotics, cellular fiictors, nucleic acids or peptides to a wound. 
Incorporating the polymer with a thersqpeutic agent allows for a sustained release of the 
dien^utic agent once the polymer is £q>plied to the wound. 

[001 5} The polymer may also be used as a vehicle for the delivery of cultured cells or 
tissue to a wound or graft site. 

[0016] Other aspects and features of the present invention will become zppBxeat to 
those of ordinary skill in the art upon review of the following description of specific 
embodiments of the invention in conjunction witii the accompanying figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] In the figures, vAdch illustrate embodiments of the present invention by way 
of example only. 
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[0018] Figure 1 is an atomic force microscopy image depicting fhe surfece 
topography of a ^eimosensitive porous membrane; 

[0019]' Figurer2 is a scanning electron microscopy image of a cross-section of a 
ftennosensitive porous membrane; 

[0020] Figure 3 is a graph of the swelling ratio of membranes with various monomer 
compositions versus temperature, to demonstrate the temperature-dependent swelling 
property of the membranes; 

[0021] Figure 4 is a plot of in vitro release profiles of a model drug, scopolamine, 
fiom scopolamine-loaded membranes; 

[0022] Figure 5 is a photogr^hic image of cells grown on membranes having 
different monomer compositions: (A) HMN 1; (B) HMN 2; (C) HMN 2a; (D) HMN 3; 
(E) HMN 4; and (F) cell culture plate. 

[002^ Figure 6 is photographic images of cells grown on various sur&ces: (A) 
^ermosensitive porous membrane (HMN 1); (B) cell culture plate; and (C) a close up of 
cells connecting between clumps of growth on the membrane; 

[0024] Figure 7 is a plot of percentage of cells detached fix>m various membranes as 
a function of temperature; 

[002Q Figure 8 is a photogr^hic image of cells detached fix>m the various 
membranes, reattadied and grown on a culture plate: (A) HMN 1; (B) HMN 2; (C) HMN 
2a; (P) HMN 3 ; and (E) HMN 4; and 

[0026] Figure 9 is a photograph of a representative membrane, demonstrating the 
transparency of the membrane. 
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DETAILED DESCRIFnON 

[0027] Ideally, a wound dressing should be flexible, gas permeable, durable and have 
the ability to control watetJossJt should efifectrapid^ 

excessive fluid loss through the open wound. It should adhere well to the wound and be 
easy to apply and remove without causing damage to the granulation tissue or new 
epithelium. Preferably, it should be transparent to allow observation of the wound 
without requiring premature removal of the dressing, which results in interruption of tiie 
wound healing process. It should maintain its slu^ during application to the wound and 
also be comfortable when in place. In addition, it should not exhibit antigenicity, or local 
and systemic toxicity. Finally, it should be cost-effective. Despite extensive studies, such 
material is currently not available (Wiseman et al., in Wound dressings: Design and use 
(Eds: Cohen, Diegelmann and Lirmdblad) Philadelphia: WB Saunders Co. 1992, 562; 
Dale, Prof Nurse 12 Supply 1997, 12; Rothe and Falanga, Arch Dermatol 1989, 125: 
1390; Puma and Babu, Bums, 2000, 26: 56; Pruitt and Levine, Arch Surg 1984 19: 3 12). 

[0028] A thermosensitive polymer such as poly(JV^isopropylacrylamide) 
CVNIPAAm") exhibits a lower critical solution temperature C'LCSTO. PNIPAAm is a 
well-known thermosensitive polymer that exhibits a well-defined LCST of about 32''C in 
water. PNIPAAm is fiilly hydrated, with an extended diain conformation, in aqueous 
solutions below 32*^C and is extensively dehydrated and compact above this temperature. 

[0029] Thermosensitive polymers are polymers that undergo a phase shift when flieir 
temperature passes through a lower critical solution temperature CXrCST'). Above the 
LCST, the polymer tends to become dehydrated, making it less soluble in water. Below 
the LCST, the polymer becomes extensively hydrated, and is thereby more water-soluble. 
A number of poIy(aciylamide) derivatives, for example, poly(alkylated acrylamides) are 
tiiermosensitive, which include, but axe not limited to, poly(J\r-isopropylacrylanude) 
CWflPAAm*') or poly(JV; iV-diethylacrylamide) CPDEAAm'O. 



[0030] In &e present context, the term '^ermosensitive polymer^' refers to a polymer 
that has an increased afBnity for water, and therefore can swell below a given 
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tempeiabue herein refened to as LCST. 

[0031] A monomer capable of fbnning a thermosensitive polymer is a monomeric 
•compound"tharTS"nM5)able-*of polymerizing^-'W or with^ other-monomeric- - 

compounds to fbmi a polymer that is tiiermosensitive. For example, die monomer may 
self-polymerize to form a theimosensitive homopolymer» or it may polymerize widi 
another monomeric compound to form a random copolymer or a block copolymer, each 
of which will exhibit themiosensitive properties. 

[0032] The inventors have discovered that polymerization of a microemulsion tiiat 
includes a monomer capable of forniiog a themiosensitive polymer and a polymerizable 
sur&ctant results in a theimosensitive polymer. The polymer therefore has 
diermosensitive swellability characteristics that provide advantages when the material is 
used in the context of a medical implication. For example, a theimosensitive polymer 
membrane vMdIi is nanopoious may be applied to a wound as a dressing. When the 
dressing needs to be removed, the membrane may be swollen by reducing die 
temperature of the wound below the LCST of die polymer, diereby &cilitating its 
removal fix>m die wound site. 

[0033] Thus, the present invention provides a process for preparing a thermosensitive 
polymer comprising polymerizing a microemulsion comprising a first monomer capable 
of forming a thermosensitive polymer and a polymerizable sur&ctant. 

[0034] As is understood in the art, "microemulsion" refers to transparent 
dispersed liquid systems consisting of a hydrophilic solution phase, a hydrophobic 
solution phase and a sur&ctant, which is continuous or bi-continuous, the microemulsion 
having eqpiilibrium domain sizes typically on the order of 1 to IQO nm. The preparation 
of micioemulsions is known in the ai^ and microemulsions includiiig polymerizable 
sur&ctants have been used to prepare transparent solid polymers having various 
nanostmctures. A polymerizable suifoc^t is capable of polymerizii^ with itself or widi 
other monomeric compounds to form a polymer. Due to the incorporation of the 
sui&ctant into the polymer, die need for separation of the sur&ctant firom the polymer 
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after polymerisation can be avoided. 

[003Q The first monomer and the polymerizable surfactant may be combined with 
^water to£bnir^arniixture7whichnythen-dis 

a microemulsion by standard techniques known to a skilled person to create the 
microemulsion. For example, the mixture may be sonicated, vortexed, or otherwise 
agitated to create microdroplets of &e different phases within the mixture, the 
microdroplets beii^ about 1 to about 100 nm in diameter. Or, for example, die mixture 
can be passed through a filter having pores on the nanometer scale so as to create fine 
droplets. 

[0036] Ihe first monomer used in the microemulsion may be any monomer diat 
forms a thennosensitive polymer iqpon polymerization. Generally, such monomers must 
be safe for use in the subject and ate preferably capable of polymerizipg with odier 
monomers, which include, but not limited to, acrylamide derivatives such as N - 
isopropylacrylamide and N, iV^diethylaciylamide. Additionally, it is highly desirable that 
Ihe monomer polymerizes to form a tumoporous matrix to enable good gas permeation 
and sustained release of bioactive agents that may be incorporated in the polymer A 
nanoporous matrix can be attained when the components of die microemulsion are in the 
appropriate ratios so as to form a bi-continuous phase as would be understood by a 
skilled person. It is further desirable that the monomer be capable of polymerizii^ in die 
presence of ultraviolet radiation and a photoinitiator, or of polymerizing in the presence 
of a redox pair such as ammonium persul&te (APS) and N, N, N, iV^- 
tetramediylethylenediamine (TMEDA), or polymerizing in the presence of hea^ for 
example by thermal polymerization through use of azobisisobutyronitrile (AIBN). 

[0037] Jn one embodiment, the first monomer is an acrylamide derivative sudi as an 
alkylated acrylamide, for example iV-isopropylacrylamide CNIPAAm*^ or N, 
diethylaciylamide CDEAAm"), which polymerize to form polyCiV-isopropylacrylamide) 
CPNIPAAm'^orpolyCJV, JV-diethylacrylamide) CPDEAAm respectively. PNBPAAm 
is a well-known thennosensitive polymer that exhibits a well-defined LCST of about 



wo 2005/007717 



PCT/SG2004/000094 



8 

32X in water. PNIPAAm is fully hydrated, witii an extended diain confoimatton in 
water below 32^C and is extensively dehydrated and compact above this temperature. 
FNDPAAm has been successfully used in cell culture, where its thermo-responsive nature 
allowed the detadunent of cultured cells without the need for enzymatic treatment 
(Takezawa et al. BioetechnoL (1990) 8: 854.). Once coated with PNIPAAm, the treated 
culture sur&ce remains hydrophobic until tiie culture temperature is lowered past the 
LCSTof the PNIPAAm. Moreover, lin etal reported that Eudragit E films loaded with 
PNIPAAm microgel beads showed significantly reduced peel strength between 2S^C and 

This rnight be attributed to fte&ct that at 25''C, below OieLCST of P^^ 
die absorption of fluid by the relatively hydrpphilic PNIPAAm microgel beads would 
have decreased the adhesive property of the films, resulting m the lower peel strength 
(Lin et al. Biomaterlals (2001) 22: 2999.). Other exemplary monomers include iV^- 
all^lacrylamide, JV^alkylmeUiacrylamide, iV-ethylacrylamide, N, ^-dielhylacrylamide, 
propylacrylamide, ^-n-propylmethylacrylamide, ^-isopropylacrylamide^ N, 
isopropylmethylacrylamide, ^-cyclopropylacrylamide, or ^e anaologous acrylate or 
methacrylate, hydroxypropyl acrylate-co-acrylamide, diacetone acrylamide-co- 
hydroxyediyl acrylate, hydroxypropyl acrylate-co-hydroxyettiyl acrylate, 
ethylacrylamide, cyclopropylacrylamide, n-propylacrylamide, or isopropylacrylamide. 

[0038] The sur&ctant used in the microemulsion may be any polymerizable 
sui&ctant and therefore can copolymerize with die monomer. In different embodiments, 
tiie surfectant may be o-methoxy poly(ethylene oxide)40 undecyl a-methacrylate ("Ci- 
PEO-Cii-MA-40*'), or it may be fiuronic68-diacrylate. 

[0039] The microemulsion may further comprise one or more monomers that may or 
may not form a thermosensitive polymer and which may copolymerize with the first 
monomer cwpAA^ of forming a thermosensitive polymer and polymerizable sur&ctant to 
form the polymer. A monomer that is included in the microemulsion in addition to &e 
first monomer cq)able of fbrming a thermosensirive polymer is referred to herein as a 
'fcomonomer'*. 
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[0040] The oomonomers mi^ include any monomer that will polymerize to foim a 
material suitable for use in medical implications and that can copolymerize vnUi tihe 
monomer capable of fomtiing a thennosensitive polymer. In various embodiments, the 
comonomer comprises metfiyl metfaaciylatse C'MMA") and/or 2-hydn>xyediyl 
methaciylate C%DBMA"). These comonomers are used to improve or adjust ^e 
mechanical strength and hydrophilicity of the resulting polymer, respectively. 

[0041] As will be appreciated by a skilled person, the precise amount of each of the 
above ii^redients in the microemulsion is not critical, but depends on a number of 
&ctors, and may be varied for each ingredient depending on die proportion of the 
lemainiqg ingredients. For example, a sufELcient amomt of monomer enable of forming 
a Ihermosensitive polymer should be included such that the resulting polymer has the 
desired thermosensitive properties. Moreover, the LCST for any given polymer may be 
adjusted by using appropriate comonomers, and by varying the ratio of the comonomer to 
the first monomer. This means that the discontinuous change in swelling can take place 
in a different temperature range, as may be desired for a particular ^plication. As well, 
there should not be too much total monomer content such diat the resulting polymer 
becomes too rigid or inflexible. 

[0042] The type and ratio of different types of monomers that niay be included can be 
varied so as to influence die properties of die resulting polymer. For example, the 
hydiophobicity of the polymer can be increased by induding increasing amounts of a 
comonomer or comonomers that are more hydrophobic than the first monomer capable of 
forming a Ihermosensitive polymer. A skilled person will understand how to combine 
different monomers and vary the ratios to determine the effect on the various properties 
of the resulting membrane, sudi as the LCST, hydrophobidty and tensile strength. 

[0043] The ratio of the first monomer to die comonomers in the mixture used to form 
the microemulsion may vary depending on the desired properties of the resulting 
polymer, hi various embodiments, die ratio is 1:0, 5:3, 3:1, 1:1, or 1:3. By varying the 
rado, the thennosensitivity of the resulting membrane, and thus its swelling properties. 
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can be modified as desired. 

[0044] In one embodiment, the concentrations of the water, polymerizable sur&ctant 
'Wdtifftai' niOTomericmtentTn-^e-Tnixture-are- between -about- 15% -and -about-5 0%; 
between about 20% and about 45%, and between about 25% and about 50% (w/w), 
respectively. 

[004^ In odier embodiments, flie process optionally may further comprise a step of 
cross-linking using a cross-linker. For example, cross-linking may be achieved by 
chemical cross-linking, photochemical cross-linking, electron beam cross-linking, 
ultraviolet cross-linkiog or other methods that would be i^parent to a skilled person. Tlie 
mettiod of cross-linking will depend on the nature of the components of the 
microemulsion that are to be cross-linked. 

[0046] For example, when certain sur&ctants such as Ci-PEO-Cii-MA-40 are used as 
the polymerizable sur&ctant, tiie microemulsion may comprise a chemical cross-linker, 
sudi as, for example, ethylene glycol dimethactylate ("EGDMA"). The chemical cross- 
linker may be any chemical cross-linker that will cross-link the various components of 
the microemulsion, for example, any cross-linker tiiat is cs^able of cross-linking 
monomers having vinylic or acrylic double bonds. Therefore, the particular cross-linker 
chosen will depend on the nature of the monomers and polymerizable sur&ctant in the 
microemulsion. 

[0047] In one embodiment, the concentration of ihe cross-linker is about 5% as a 
percentage of the weight of the total monomers. 

[0048] Ihe microemulsion may be polymerized by standard techniques that would be 
apparent to a skilled person. For example, the microemulsion may be polymerized by 
heat, the addition of a catalyst, by irradiation of the microemulsion or by introduction of 
free radicals into flie microemulsion. The me^od of polymerization chosen will be 
dependent on the nature of the components of the microemulsion. 

[0049] Polymerization of the microemulsion may involve &e use of a catalyst The 
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catalyst may be any catalyst or polymerizatioii initiator that promotes polymerization 
between the dififerent types of monomers and the sui&ctant The specific catalyst chosen 
may depend on the particular monomers (the first monomer and any comonomer), and 
polymerizable surfiictant used or the method of polymerization. For example, 
polymerization can be adiieved by subjecting the microemulsion to ultraviolet radiation 
if a photo-initiator is used as a catalyst For example, Ihe photo-initiator l^l-dkaefkoxy- 
2-phenylacetophenone may be used, or an alkylaiyl ketone may be used. 

[0050] In one embodiment, the concentration of photoinitiator is between about 0.1% 
to about 0.3 %^ as a percentage of the combined weight of total monomers and surfoctant. 

[0051] Ibe microemulsion may be formed into Hic desued end shape prior to 
polymerization. For example, a membrane may be formed by pouring or spreading the 
microemulsion into a thin layer of a desired thidmess prior to polymerization of the 
microemulsion to form the polymer membrane. Hie microemulsion may also be formed 
into fibers or tubes, if desired, for example, by pouring 1he microemulsion into a cast 
prior to polymerizing. After polymerization, the membrane formed fiom the polymer 
may be rinsed and equilibrated with water, and optionally dried and may be sterilized in 
preparation for use in a medical or clinical application. 

[0052] The polymer, and resulting membrane, may be nanostructured, meaning that 
the material possesses regions of ordered structure, these ordered regions being on the 
nanometer scale, typically between a range of about 1 to about 100 nm. Ihe pores are 
formed fiom the volume occupied by water in the microemulsion. Htus, in dififerent 
embodiments the pores in the material and the resulting membrane have the dimensions 
of the hydrophilic phase in the microemulsion, about 1 to about 100 run, about 10 to 
about 100 nm, about SO to about 100 nm, or about SO nm. 

[0053| When tiie polymer is formed according to the methods of the invention, tiie 
polymer is preferably transparent, such that in use as a wound dressing it allows for 
visualization of die underiying wound and monitoring of the healing process. 
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[0054] The theimosensitive polymer prepared by the above process is preferably 
strong, flexible and stretdiable. These properties are influenced by flie type and amount 
of monomer used to fi>mi die microemulsion. For example, in certain embodiments, 
inclusion of comonomer HEMA may improve die flexibility of the polymer due to its 
hydrophilic properties. 

[0055] In particular embodiments, the tensile strength of the polymer may range &om 
about 4 to about 20 MPa. Inclusion of comonomer methyl methacrylate in certain 
embodiments may reduce the tensile strength of the polymer, but increase elasticity, 
possibly due to the introduction of a hydrophobic comonomer that allows for 
hydrophobic interactions between polymer chains. A skilled person can readily vaiy the 
difiPerent monomer components to achieve die various desired mechanical properties of 
the polymer. 

[0056] Fluid retention beneath a wound dressing, caused by poor water v£q)or 
permeation, or the dehydration of a granulating woimd bed, caused by nqpid water loss, 
can pose serious problems to the healing of wounds. An ideal wound dressing maint a ins 
die ev£q)oradve water loss from a wound at an optimal rate to prevent both excessive 
dehydration as well as die accumulation of exudates. A granulating wound experiences 
an eviqporative water loss of about 5138 g/niP/day, as much as 20 times that of skin widi a 
first degree bum. 

[0057] Woimd dressings with very low water vapour transmission rate (WVTR) 
include, Vigilon®, Vigilon cover fihn and Stretch *n' Seal® dressings, which have 
WVTRs of 168 ±32, 139 ± 23 and 32&b 44 g/n?/day, respectively (M^-Cardona et al. 
Biomaterials (1996) 17:1639.). Tegadenn® and Bioclusive®, as well as many adhesive 
fihn dressings, also have low water v^)our transmission rates, with respective WVTRs of 
491 ± 44 and 382 ± 26 g/^?/day^^ OpSite® (WVTR of 426 g/n?/day) is approximately 
28 thick and has been xised as a skin graft; donor site dressing with some success, 
although fluid collections must be removed fi:equently by puncturing the material and 
aspirating the fluid. 
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[0058] In contrast, hydrophilic materials such as Oclipeim® have high WVTTL 
Gelipennd) has a WVTR of 10972 ± 995 g/ttf/day. However, using wound dressings 
with such a high WVTH could lead to die total dehydration of the wound sui&ce (Queen 
et al. Biomatertals (1987) 8: 367.). 

[0059] In certain embodiments, the thermosensitive nanoporous membranes 
described herein may exhibit WVTR values ranging fifom about SCO to about 2000 
gArf/day. In certain embodiments, the WVTR ranges from about 500 to about 900 
g/mP/day. Thus, the polymer may be particularly well suited for use with wounds that 
incur light evaporative water loss. The WVTR may be affected by the pore size and 
monomer composition used to prepare the membrane. Thus, by selecting different 
sur&ctants or by adjusting the monomer content or water content of the microemulsion, it 
is possible to adjust the WVTR of a particular nanoporous membrane. 

[0060] Preferably, the thennosensitive polymer formed by the above process has an 
LCST that is biologically relevant That is, flie LCST should be in a temperature range 
such that the temperature of the polymer will be above the LCST when in place, and can 
be leadily lowered below the LCST when the polymer needs to be swelled, without 
causing harm to die patient The LCST of the membrane is preferably at least dighdy 
below the body temperature of the patient having the wound. In one embodiment, the 
polymer has an LCST that is below die temperature of die wound site. In one 
embodiment, the patient having die wound is ahuman, and the LCST of the membrane is 
between about 32X and 3TC. The LCST of a given polymer can be adjusted by varying 
die conditions under whidi the membrane is transitioned below its LCST, for example, 
by including various salts in the solution £^plied to membrane during cooling. Typically, 
die LCST is lower in a solution containing salts. 

[0061] The swelling property of the polymer and the resulting membrane is 
temperature dependent in diat the polymer swells to a greater extent the further the 
temperature is below the LCST. The temperature dependency is not necessarily linear, 
and the polymer may exhibit a discontinuous swelling ratio around the LCST. 
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[0082] swelling property of the polymer is also dependent on the concentration 

of first monomer that is used to form the material. Greater concentrations of such a 
monomer increase the swellability of the material in response to a temperature decrease. 

[0063] Preferably, the polymer and the resulting membrane are thermostable to allow 
for sterilization of the membranes prior to use in a medical application. In different 
embodiments, the polymer has a decomposition temperature, of at least about 300X. 
Hie thermal stability does not appear to be affected by different microemulsion 
compositions and provides a significant advantage as the membranes can be sterilized, 
for example by autoclaving, prior to clinical application. 

[0064] In different embodiments, the resulting polymer is biocompatible, non- 
cytotodc and non-allergenic and causes minimal irritation to tiie tissue at the wound site. 

[0065] Ihe thermosensitive polymer prepared by different embodiments of the 
process of the present invention is usefiil as a wound dressing for closing open wounds 
that need healing. The wound may be on any animal, for example, without limitation, a 
mammal, for example, a human. Hie swelling properties of the membrane make it 
particularly usefol as a wound dressing, as swelling of the membrane prior to removal 
fix>m the wound when the dressing needs to be changed focilitates removal and minimizes 
dismption of the healing process. 

[0066] Thus, there is provided a method of dressix^ and undressing a wound 
comprising applying a thermosensitive polymer to a wound; inmiediately prior to 
removiiig the polymer fix>m the wound, reducing the temperature of thermosensitive 
polymer to fodlitate removal of the polymer, and removing the polymer fixnxi Hie wound. 

[0067] Ihe polymer may be nanoporous and may be applied to the woimd in a 
swelled or unswelled stale. If the polymer is to be applied in a swelled state, it is 
immersed in water prior to application at a temperature below the LCST. Due to the 
temperature-dependent swelling properties of the polymer, the dressing will contract 
iq)on warming. 
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[0068] However, if the polymer is applied in a dry state, for example, when excessive 
exudates exist in tiie wound, it is dried prior to application. 

[0069] In Older to remove the dressing with minimal disniption to the healing wound, 
the temperature of Ae polymer is lowered, in the presence of water, prior to removal. 
Ihe lower the temperature to which the polymer is cooled, the greater the swelling of the 
polymer. The temperature should be a temperature diat is sufBcient to &cilitale removal 
and which minimizes discomfort to the patient or damage to the tissue at the wound site. 

[007(Q The tiiermosensitive nanoporous polymer as prepared by different 
embodiments of the process of the invention may be used to deliver various ther^utic 
agents to the woxmd site to promote healing of the wound. For example, it may be 
desirable to deliver antibiotics, dmgs such as anti- inflammatories or clotting agents, 
hoimones involved in wound repair or other biomolecules such as nucleic acids or 
polypeptides, to the wound site. 

[0071] Generally, the therapeutic agent may be incorporated within the polymer 
matrix, which allows for controlled release of the fher^utic agent once the polymer is in 
place on die wound. 

[0072] Thus, tiieie is provided a method of delivering a Ihei^eutic agent to a wound 
comprising incorporating a therapeutic agent into a fhermosensitive nanoporous polymer 
and applying the thermosensitive nanoporous polymer to the wound. 

[0073] The ther^utic agent may be any agent having a therapeutic or preventative 
effect on the wound with respect to healing or prevention of infection. For example, 
witiiout limitadon, ihe Ifaenqpeutic agent may be a drag, an antibiotic, an anti- 
inflammatory agent, a clotting fector, a homione, a nucleic acid, a peptide, a cellular 
&ctor, or a ligand for a cell sur&oe receptor. 

[0074] Preferably the agent will cause minimal irritation to the wound site, and cause 
minmi^l interference with Ihe healing process. As well, it is preferred that the therapeutic 
agent is one that does not interfere with the physical or chemical properties of the 
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tfaermosensitive nanoporous polymer. 

[0075] Hie therapeutic agent may be incorporated into the polymer, for example, by 
soakinA the polymer membrane in a solution containing the a^ent Alternatively, if the 
agent is stable under the particular polymerization conditions that are to* be used, it may 
be incorporated into the nanoporous membrane during the polymerization process. 

[007Q Varying the composition of the membrane varies the profile of release of the 
dierapeutic agent and the extent of the initial burst release of the therapeutic agent can be 
altered. IVpically, the therE^utic agent is released fiom the membrane in a sustained 
release manner. 

[0077] As well, it may be desirable to deliver graft cells or tissue to a wound or other 
graft site so as to seed the site witib healthy growing cells or tissue. Hie porous nature of 
the polymer according to different embodiments of the present invention, in combination 
with its tiiemiosensitive swelling characteristics, contributes to &e usefulness of the 
polymer as a vehicle for delivering cells or tissue to a graft site. 

[0078] In one aspect, there is provided a method of delivering a cell to a graft site 
comprisix^ culturing the cell on a thermosensitive nanoporous polymer, and placing the 
polymer comprising the cell onto the graft site. In various embodiments, the polymer 
may be coated with hyaluronic acid, collagen or any otiier biocoiiq)atible matrix prior to 
culturing the cell thereon. 

[0079] The polymer may be used to deliver a cell, a number of cells, or tissue to the 
graft site. Thus, ''a cell" includes a single cell and a plurality of cells, including a tissue. 
Tlie cells or tissue may be derived fiom tiie patient to whom the graft is being sqiplied, or 
they may derive fiom another source. Hie cells or tissue may- be transgenic cells or 
tissue, where the transgene makes the cells or tissue suitable for gene therapy. 

[0080] By reducing the temperature of the polymer, the polymer expands and the 
cells are more readily released fiom the polymer to the graft site. Hie polymer may be 
removed fixmi the graft site after new tissue has formed. Altematively, the polymer may 
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be removed after an incubation period following transplantation of &e cells and polymer^ 
but before new tissue has formed. In one embodiment, the polymer can be swelled prior 
to application on the graft site. 

[0081] Various cell types may detach fiom the polymer at dififeient optinml 
temperatures. The temperature at which a particular ceU type will detadi fiom the 
polymer may be varied by adjusting the particular monomer types and ratios used to form 
Hxe polymer. 

[0082] Ihe graft site may be any graft site, including a wound site, as well as any 
other accessible site to which it is desired to deliver cells, including the ear and cornea. 
For example, the polymer may be used to deliver cells to repair the Round Window 
Membrane in the ear of a subject or to deliver cells for artifical corneal implant 

[008^ The polymer of the invention may be advantageously used in ottier 
^plications where having a material with temperature-dependent swellability 
characteristics is desirable. For example, the nanoporous polymer may be used as 
scaffolding for cell or tissue culture, including stem cell culture. Using a thermosensitive 
nanoporous membrane or fiber as a support for cultured cell growdi peimits the transfer 
of the cultured cells wi&out the use of harsh enzymatic or physical dismption to dislodge 
the cells fiDom tiie culture vessel. Furthermore, due to the nanoporosity of the polymer, 
the thermosensitive nanoporous polymer of the invention may be used in separation 
techniques to fitter or separate particles haviiig nanometer dimensions. As well, the 
polymer may be used to separate cells, by conjugating to the membrane a ligand that can 
bind the specific type of cell that is to be s^>arated. 

[0084] Tbe following experiments are illustrative of the process of preparing flie 
thermosensitive polymers and the resulting polymers and the methods of their use and do 
not limit the broad aspects of the processes, polymers or methods of iise as disclosed 
herein. 



EXAMPLES 
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i. Materials Used 

[0085] Methyl metfaaciylate (MMA) and 2-hydi07Qretfayl methaciylate (HEMA) from 
Sigma were distilled at reduced pressure. N-Isopiopylacrylamide (NIPAAm) was purified 
by ciystallization (n-hexane). Ethylene' glycol dimethaciylate (EGDMAX and 2»2- 
dimetho>Qr-2-phenylacetophenone (DMPA) fix>m Aldridi were used without further 
purification. <D-methoxy poly(ethyIene oxide)4o undeq^l a-metiiacrylate macromonomer 
(C1-PBO-C4-MA-4O) was synthesized according to the protocol described by Liu et al. in 
J. Macromol. Sci, PureAppL Chem. (1996) A33, 3: 337. 

[0086] For the synthesis of fluix>mc68-diacrylate, fluoric-68 is dissolved in dried 
CH2Ck wifli triethylamine. Under nitrogen environment, methacryloyl chloride was 
added drop-wise into Ae solution with stirring, then the solution was incubated in an ice 
bath for half an hour. The mixture was further stirred at room temperature overnight The 
precipitated trietbylammoniiun chloride was filtered, and lie excess acryloyl chloride, 
CHbCh, and triethylamine were removed by rotary evs^oration. The residue was 
dissolved in distilled chloroform and washed twice with saturated sodium bicarbonate 
solutioa The chloroform solution was further washed twice with saturated brine. A solid 
product was recovered fi'om the chloroform solution after ev^oration. Tlie pure product 
was obtained by re-precipitating the cmde product three times fix)m chloroform against 
ether. 

2 Membrane Preparation 

[0087] The porous membranes were prepared directly by microemulsion 
polymerization. Such microCTtmlsions comprise variable amoimts of HEMA, MMA, 
MPAAm, uhra-pure water, and the sur&ctant Ci-PEO-Cli-MA-40 or fluronic68- 
diacrylate, the cross-linker EODMA when Ci-PEO-CirMA-40 was used, as well as the 
photo-initiator DMPA. 

[0088] Two 20 on X 20 cm glass plate were washed and dried at room temperature. 
The glass sur6ces to be contacted with tiie microemulsions were polished using tissue 
with a small amount of silicon oil to enable removal of the polymer membrane after 
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polymerization. About 1 g of each microemulsion was first poured onto a glass plate, and 
subsequently spread by slowly covering with another glass plate. This reduced the 
chances of air bubbles being trapped between the two glass plates. Small pieces of thin 
'^uminiim SAV "sheSTWew li5^~ar spaww- betweeirihenglassT)lates-io- legulat^ 4e— 
thickness of membranes. 

[0089] Ihe polymerization reaction was carried out in a UV reactor for 6 h. Hie 
membranes were immersed m de-ionized water» and the water was changed daily for one 
week before subjected to further characterization. 

[009(q The compositions of formed membranes are set out in Table 1. Hie cross- 
linker EGDMA forms the lemiaining 2% of each composition. 

Table 1 Composition of Selected Microemu lsion Systems 

Composition by Weight % 



System 


HEMA. 


MMA 


NIPAA 


Sui^ctant 


Water 


HMNl 


10 


10 


20 


35 


23 


HMN2 


20 


10 


10 


35 


23 


HMN2a 


15 


7.5 


7.5 


35 


33 


HMN3 


10 


20 


10 


35 


23 


HMN4 


5 


10 


25 


35 


23 


HMN5 


10 


0 


30 


35 


23 


HMN6 


5 


25 


10 


35 


23 



5. Topography Analysis 

[0091] Investigation of the sur&ce topogrsq>hies of the membranes was conducted 
using a Ihermo Nficroscope Autoprobe CP Research atomic force microscope (AFM) 
system (Park Scientific Instrument, Sunnyvale, CA) in contact mode. Conical silicon 
nitride tips mounted on a silicon cantilever with a force constant of 0.40 N/en were 
employed. The SiN4 cantilevers (with an integral tip) had a length of 180 jim, widfli of 
38 pm, thickness of 1 iim and resonant j&equency of 45 kHz. Eadi image contams 521 x 
512 data points. The sur&oe topographical images were processed using IP2.1 Image 
Software. 
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[0092] Cross-sectional topography of the membranes was investigated using a JEOL 
6700 field emission gun scanning electronic microscope (FECh-SENO. The membranes 
were fifeeze-firactured in liquid nitrogen to expose the cross-sections. Prior to 
'e5iamii5ali6itt7th^^ 

coated with a thin layer of gold using a JEOL ion-sputter JFC-1100 gold-coadng 
machine. 

[0093] As shown in Figure 1, the swfece topography analysis demonstrated that the 
membrane sur&ce contained pores, typically less than 100 nm. A scanning electron 
microgn^h of cross-section of die membrane, shown in Figure 2, revealed ttie randomly 
distributed nanostmctured channels created by Ifae water content during the fitbrication 
process, tiie channels being SO to 100 nm in diameter. 

4. Thermal Properties 

[0094] The decomposition temperatures of polymeric membranes were analyzed by a 
PeikinElmerlfaermogravimetric analyzer (TGA). The thermal behaviour of about 10 mg 
sample placed in a platinum cell, was evaluated fix>m 30 to 800 ""C. A temperature 
gradient of 10 ^C/min was applied under dry nitrogen flow and the weight loss was 
continuously recorded. Ibe temperature range where the sample weight decreased 
sharply was regarded as "die decomposition temperature. 

[0095] Ihe thermal analysis showed that membranes having different monomer 
compositions had similar decomposition temperatures (Td) ranging finom 300 °C to 350 
®C. This result indicates that the membranes are thermally stable up to 300 X and fliat 
alteration of the microemulsion composition does not affect the thermal stability of the 
resultant membranes. This tiiermal stability is a significant advantage as it would mean 
that the membranes can be sterilized by autoclaving or other means prior to clinical 
^plication. 

5. Swelling Properties 

[0096] The equilibrium swelling ratios C*ESR") of polymeric membranes were 
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measured using pre-weighed dry samples, which were immersed in distilled water to 
equilibrium at various temperatures. After the excess surfiice water was removed with 
filter paper. The weight of fully swollen samples was recorded. ESR was detemiined 
accordmg to the equation £SK"X%F<Ws'=Wa)/WsxlOOrwhele 
sample weight and Ws is the wet sample weight after swelling equilibrium. 

[0097] The membranes exhibited temperature-dependent swelling ratios (Figure 3). 
They appeared to swell to a higher degree at low temperatures. A discontinuous decrease 
of swelling ratio took place in. the range of 32 to 37 ""C, suggesting that the swellmg 
behaviour is likely afifected by the LCST of PNIPAAm. At ambient temperatures above 
this temperature range, the hydrophilicity of the membranes decreased, leading to lower 
swelling ratios. In general, an increased NIPAAm monomer content in the microemulsion 
improved the sensitivity of the membranes to temperature. 

[0098] The water content as a percentage of the total membrane weight was measured 
at a range of temperatures for various membranes, as shown in Table 2. 

Table 2 Water Content of Select Nanoporous Membranes 

Water Content by Weight % 



System 


4X 


24X 


32'€ 


37'C 


HMNl 


61.4 


58.3 


53.8 


48.0 


HMN2 


58.9 


52.1 


48.3 


44.2 


HMN3 


55.9 


51.0 


48.8 


43.3 


HMN4 


57.6 


51.2 


46.7 


40.4 


HMN5 


70.8 


63.9 


59.1 


56.0 


HMN6 


57.3 


53.2 


50.6 


47.1 



6. Water Vapour Transmission Rate 

[0099] The water vapor transmission rate (WVTR) of &e membranes was determined 
according to tiie ASTM E96 water method. Briefly, membrane discs in diameter of 16 
mm were each mounted, with the aid of water impermeable sealant onto a plastic 
container containing 10 mL of distilled water, whidi was placed in an inverted position 
such that water could evaporate through the membrane into an environmental chamber. 
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The container was weighed periodically to deteimine the rate of water movement across 
the membrane sample into the environmental chamber, which had a temperature of 32X 
and relative humidity of 50%. Hie WVTR was calculated from the equation 
WVTRFW/(tx A)r v^heft"W" isr the-^ighr-Df the -water vq)or-transmitted thiough-Ae 
membrane sample having area A at time t The observed WVTR values for certain 
membranes is shown in Table 3. 

Table 3 Water Vapour Transmission Rate of Select Nanooorpus Membranes 

System WVTR (g/mP /day ) 

HMN 1 509.3 
HMN2 518.8 
HMN 2a 862.6 
HMN 3 502.9 
HMN 4 531.6 

7. Mechanical Properties 

[00100] From an engineering perspective, good mechanical properties would allow 
materials used for wound dressings to maintain their sh^ during ^plication. Here, three 
parameters, tensile stcengdi, maximimi percentage strain and Yoimg's. modulus, were 
measured to determine the mechanical properties of the nanostructured membranes. 

[00101] The strain (%) at break. Youth's Modulus and tensile strengOi of the 
membranes were measured by an Instron microforce tester. Samples with standard size 
stated in ASTM 638 were used. The tensile rate was 0.25 mm/mm. 

[00102] Membranes with diflferent compositions were found to differ in 
mechanical behavior (Table 4). Their tensile strengths varied firam 4.8 to 6.9 MPa, with 
the highest found in HMN 2. Membranes that only contained NIPAAm and HEMA 
demonstrated higher tensile strength and Yoxmg's modulus, although their percentage 
strain at the break point was compromised. This may be due to the strong hydrophilic 
interaction between the polymer chains. Witii &e addition of MMA into the 
micioemulsion, the membranes lost some of their tensile strength but their percentage of 
elongation increased to a range of 48 to 86%. In comparison, the tensile strength and 
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Young's modulus of skin aie nomially 2.S to 16 MPa and 6 to 40 MPa, respectively. 
Polymers with similar strengths and slightly higher Young's moduli are most frequently 
iised to replace skin tissue (Silve, in Biomaterlals, Medical Devices and Tissue 
^iigffieefingrAn^IntegrQted'Apprw^ 

The &ct that the tensile strength of the nanostructured membranes ranges fiom 4.8 to 6.9 
MPa and that tiie Young's moduliis ranges fix>m 140 to 380 Mpa suggests that these 
membranes have sufiBcient durability to be used as wound dressings. 

Table 4 Mechanical Properties of Selected Membranes Dried 

Tensile Young's % Strain 

System Strength (MPa) Modulus (MPa) at Break 

HMNl 5.7 ±0.51 180^30 74.4 ±4.31 

HMN 2 6.9 ± 0.55 380 ± 40 78.0 ± 5.40 

HMN 3 5.9 ± 0.21 160 ± 10 86.9 ± 4.34 

HMN 4 4.8 ±0.78 140 ±20 48.6 ±2,10 

HMN 5 10.9±1.2 0.45±0.05 40.2 ±3.81 

HMN 6 6.2±0.50 0.2±0.03 58.8±7.14 

[00103] Mechanical properties of membranes in the swollen state were also 
investigated. HMN 1 and HMN 4 had reduced mechanical properties after wetting, while 
HMN 2 and HMN 3 retained their tensile strengtiii and most of their flexibility (Table 5). 

Tables Mechanical Properties of Selected Membranes After Wetting 

Tensile Young's % Strain 

System Strengfli ffllPa) Modulus (MP&) at Break 

HMNl 3.8 ±0.43 110 ±10 34.2 ±5.99 

HMN 2 4.9 ±0.55 280 ±30 61.0 ±3.10 

HMN 3 5.7 ±0.21 100 ±10 53.9 ±3.04 

HMN 4 2.45 ± 0.25 120 ± 30 20.1 ± 1.57 

HMN 5 3.3 ± 0.36 190 ±30 17.23±1.87 

HMN 6 3.9 ±0.23 100 ± 20 44.4±3.64 

8. Cell viability studies upon contact with solid membranes 

[00104] To prepare the membranes for in vitro cytotoxicity studies, the membranes 
were cut into 2x2 mm pieces and soaked in PBS solution over night. After being dried in 



70 oven, they were autoclaved for use in the c^toxicity study. Preliminary studies 
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were done on membranes having various original monomer concentrations. EL4 cells (a 
CS7BL/6J mouse lympoma cell line) were incubated for 24 and 48 hours before viable 
cells were counted. There were 3 replicates for control (cells without specimens) and 
specmiens. Kesulfs'lu^exiTOSsedicn'^n^ 

[00105] After 24 and 48 hours mcubation with the membranes, cells exhibited 
between 107.5 to 60.8 and 104.5 to 69.2% viability, respectively (Table 6). Tlie increase 
of viablity of the cells in some of the trials may signal a period of acclimatizadon after 
wfaidi the cells ad^>t and resimie nomial growth. 

Table 6 Viability of EL4 Cells After Exposure to Selected Membranes 

Viability (% Control) 



System 24hrs 48hrs 

HMN 1 105.4 98.4 

HMN2 107.5 104,5 

HMN 3 96.1 84.1 

HMN 4 60.8 69.2 



•P. Drug Loading 

[00106] To determine if the membranes could be used to deliver therapeutics such 
as dmgs to a wound site, the membranes were tested using the model dmg scopolamine. 
Tbie membranes were immersed in scopolamine base at a concentration of lg/100 mL at 
4**C for 3 days. The drug-loaded membranes were then air-dried before in vitro testing, 
Ihe in vitro tests were carried out at 2TC in PBS (pH 7.4) on a Vankel VK 7000 
dissolution test station. At predetermined intervals, 1 mL sample was drawn for HPLC 
analysis and replaced with fiesh PBS buffer. 

[00107] A sustained release of scopolamine over 3 days was observed for HMN 1 
and HMN 2 membranes OE^igure 4), indicating that the membranes are suitable for 
sustained delivery of dmgs, such as antibacterial agents or wound healing accelerators, 
potentially resulting in greater efficiency of wound healing. 
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10. Cell Delivery from Membranes 

[00108] Tlie efifect of tempeiatuie on cell detachment fiom the membranes v^as 
studied using mouse neoplastic fibroblast cells (L929, ATCC, USA). The membranes 
were autoclaved prior to use with cell cultures. In this ^^riment, each membrane was 
cut into the exact diameter of a well in a 24-weU plate and then placed into test wells. The ■ 
sur&ce of the control wells was left unmodified. Hie L929 mouse fibroblast cells were 
tfien seeded onto the membranes, or well sui&ce, at a density of S x 10^ cells/mL and 
cultured at 3TC under a humidified atmosphere of 96 CO2. After about 48 hrs, tiie 
cultures were incubated at 4, iO» 15» 20 and 27 ®C for half an hour as cold treatment 
Subsequently, the contents of each well were aspirated and transferred to a fitesh 24-well 
plate. These fiesh plates were ^en returned to the incubator to allow any detached cells 
to reattach and resume cell growth. Each well of the original plate was then washed 
gently with phosphate-buffered saline (PBS) at IS^C and the viability of any remnant 
cells in each well was assessed using the MTT assay. 

[00109] The cells were well attached onto the surfoce of all the membranes as 
shown in Figure S. The cells consistently oiganized themselves into aggregates 
connected by cytoplasmic projections (compare Figure 6B and 6C), a phenomenon not 
observed in die control samples. 

[00110] After incubation at 4 for about 30 minutes, 50 to 70% of the cells 
attached to the membranes were found to have detached. No apparent cell detachment 
was observed in the control plale. The effect of cooling temperature on the detachment 
was also investigated, as shown in Figure 7. Tlie maximum number of cells detached 
fiom the membranes at IS X. However, it is noted that the effect of cooling temperature 
on the membrane may be vary for different types of cells, and with varying membrane 
composition. The cells that had detadied fiom Ihe tfaeimosensitive membranes and that 
were transplanted attached to the new sur&ce and resumed nominal growth (Figure 8). 
This result demonstrates the viability of tiie detached cells and constitutes evidence 
against incipient cell death being the cause of the observed detachment. This property of 
the membranes indicates that the membranes are suitable for use as a vehicle fi)r cell 
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grafting. 

[00111] A lepiesentative membiane is shown in Figure 9, demonstiating the 
transparency of the membrane, which would allow for visualization of the underlyiii^ 
wound. 

[00112] As can be understood by one skilled in the art, many modifications to the 
exemplaiy embodiments described herein are possible. The invention, mther, is intended 
to encompass all such modification within its scope, as defined by the claims. 



[00113] 



All documents referred to herein are fiiUy incorporated by reference. 



